Bioluminescence methods have been appliedto the measurement oftheviable and total cell masses of small samples of dental plaque. The total adenine nucleotide content of dental plaque samples and of a pure culture of bacteria was determined and the adenylate energy charge calculated from this. Whena pure cufture of bacteria was killed with heat, the adenylate energy charge decreased exponentially with dization oftreatment and corresponded with a decrease in the count of viable organisms. Dental plaque, the nature and chemical composition of which have been reviewed by Bowen (1) , is essentially a mass of bacteria invested in a polysaccharide and protein matrix. Dental caries results from interaction of microorganisms within dental plaque on the surface of the tooth with fermentable carbohydrate.
The essential nature of the pathogenesis of dental caries has been reviewed by Scherp (2) .
Because of the microbial etiology of dental caries, there has been great interest in identifying and quantitating the bacterial components of dental plaque. Various microorganisms contribute to dental plaque, and conventional microbiological methods have been used in numerous attempts to cultivate all the bacteria observed (3) (4) (5) . It is not possible to culture all the viable organisms in dental plaque in any single bacteriological medium or under any single set of growth conditions such as pH, oxygen tension, and redox potential.
In addition, inherent technical difficulties, such as those found when the plaque aggregate is dispersed, preclude the characterization and enwneration of the total viable microflora by conventional microbiological methods. Organisms in dental plaque can differ in their sensitivity to sonic breakage by 600-fold; this ensures that some fraction of the bacteria will be lost if the sample is dispersed by this method (6).
The high sensitivity of bioluminescence methods facilitates the examination of small dental-plaque samples obtained from local sites on tooth surfaces. We recently have applied these methods to the analysis of the viable and total masses of dental-plaque samples obtained from monkeys (7) . The number of viable cells in dental plaque was calculated by treating the sample as if it were a pure culture of bacteria. We Some of these data are shown in Table! , in which viable cell equivalents in dental-plaque samples obtained from monkeys are compared. The average viable cell equivalents per unit weight were similar in samples obtained from the whole mouth of one animal, quadrants of a secondanimal, pairs of teeth of a third, and individual teeth from a fourth monkey. The data obtained from studies of the pairs of teeth illustrate the considerable differences between samples; however, the average value is similar to that obtained for the pooled plaque sample representing the whole mouth. The ATP in these extracts was measured with a liquid scintillation counter and a relatively crude luciferase (no EC no. assigned) preparation; consequently, some of the samples fromthe pairs of teeth and individual teeth were read at the lower limit of ATP detection. Too little ATP was present in three of the samples obtained from individual teeth to be detected. Clearly, more sensitive methods were needed to facilitate the analysis of samples obtained from individual teeth.
There are additional problems in interpreting viable cell mass from ATP data. The specific ATP content of a bacterial culture may differ widely during exponential growth or after it has entered the stationary phase (8) . In addition, the presence of epithelial or blood cells in the sample could substantially increase the amount of ATP recovered, leading to a factitiously high result. We have tried to use the ideas of adenylate energy charge (ABC), as described by Atkinson (9) , to overcome these limitations. The difference in AEC values of a bacterial culture is substantially less than the difference in the specific ATP content of the same culture in exponential growth or in stationary phase. In addition, because AEC is a ratio, it is independent of cell volume, and a live bacterial cell should have the same value for this ratio as a live mammalian cell.
Here we describe the analysis of dental-plaque samples for viable and total cell mass from measurement of extractable ATP or flavin mononucleotide (FMN). We also describe our attempts to applytheABC to measurement of the percentage ofviable cells in a sample. Individualsamples for pairs of teeth.
Materialsand Methods
C ATPwas below limits of detection in three additional samples. E. coli and A. viscosus were grown in brain-heart infusion broth (Difco Laboratories, Detroit, MI 48201) at 37 #{176}C in an atmosphere of nitrogen/carbon dioxide (95/5 by vol). The organisms from the culture were sedimented by centrifugation, the supernatant medium was discarded, and the packed mass of bacteria was resuspended in phosphate-buffered saline or distilled water as specified. The organisms were sedimented again, the washings were discarded, and the organisms were resuspended in the appropriate diluent. We counted the organisms directly with a bacterial counting chamber and a phase-contrast microscope.
Viable counts were made by dispensing aliquots of dilutions of the culture onto the surface of a solid bacteriological medium and incubating these plates at 37#{176}C until visible colonies appeared, which then were counted with a bacterial colony counter (Fisher Scientific Co., Pittsburgh, PA 15219). Plates with 30 to 300 colonies were used to calculate the number of viable units from a particular dilution. The number of colony-forming units was calculated from the mean of five replicate plates.
To San Mateo, CA 94403). Four tubes were withdrawn at 0,0.5, 1, 1.5, 2, 5, 7, 10, 15, and 30 mm, and placed for an additional 15 mm in a water bath maintained at 25#{176}C. The contents of three of the test tubes were frozen immediately by immersing them in an alcohol-solid CO2 bath and stored at -70 #{176}C for subsequent extraction and analysisforadenine nucleotides. The remaining tube was used to determine the colony-forming units in the suspension. (7), except that a silicon oil bath at 110 was used to heat the extraction solution. Internal standards of ATP, ADP, and AMP (Sigma) were included in the extraction mixtures for the AEC calculation of a pure culture.
The analysis for ATP and other adenine nucleotides and the use of internal standards to correct for losses of the substrates during extraction and analysis are described in detail in another publication (10). The numerical calculation of ABC and the associated data-processing methods are described in the appendix to this paper (11) .
ATP from the plaque samples or from pure cultures was measured by use of the firefly luciferase reaction. The luciferase preparation used for the plaque samples was previously described (7); the luciferase used in the other experiments was purified by the method of Beny and Dolivo (12) . We synthesized ATP from adenosine diphosphate (ADP) and adenosine monophosphate (AMP) with use of pyruvate kinase, phosphoenolpyruvate and adenylate kinase (13) . The ATP in the extracts, or that synthesized enzymatically from the other adenine nucleotides,was measured by measuring the light emitted during the reaction with luciferase in an Aminco Chem Glow photometer with an integrator timer (American Instrument Co., Silver Spring, MD 20910). FMN was assayed by measuring the light emitted during reaction of the reduced form of FMN with bacterial luciferase (Sigma). The procedures are described in another publication (14) .
Results
The sensitivity of the ATP analysiswith use of purified luciferase isshown in The limitations of analysis for ATP alone, both those illustrated above and those cited earlier in this paper, led us to attempt to relate AEC directly to the number of viable cells in a sample. To establish this relationship, we chose to kill the cells in a population by treatment at 62 #{176}C. Each point represents an analysis in triplicate of an Individual member of the dilution series after extraction as described in the text. The dry weight of the parent suspension was determined gravimetrically after filtration on a polycarbonate membrane filter as described in the text Figure 3 shows the effect of this treatment on the AEC of a population of S. fecalis cells. The decrease in AEC corresponds to the expected exponential death of the cells in the culture. When these data were analyzed by linear regression, the Pearson coefficient of correlation was 0.98. The number of colony-forming units for six of the 10 points for AEC determinations are also shown in the inset in Figure 3 . Colony-forming units decreased slightly during the first 1.5 mm, followed by a sharp decrease in the number of viable cells recovered. Because these cells form short chains during growth, the number of colony-forming units does not necessarily correspond with the number of viable cells during the initial portion of the killing curve. The decline in AEC values, however, is continuous, with no induction period. A sample of filtered, cell-free medium was assayed for all three adenine nucleotides. In all cases, a negligible amount of each nucleotide was detected, demonstrating that there had been no substantial lysis of the cells in the culture, nor were there any extracellular nucleotides to interfere with our calculation of AEC.
AEC values have also been computed for dental-plaque samples obtained from monkeys. In the samples that have also been analyzed, the AEC values have slightly exceeded 0.5. This value corresponds to that expected for a population in which all the cells are viable. Lower values would have been expected if there were any substantial proportion of nonviable cells in the sample.
Estimation of total biomass.
Bioluminescence methods may also be used to estimate the total biomass in samples of bacteria or dental plaque. Extractable FMN as estimated with bacterial luciferase proved to be a reliable measure of the dry weight of pure culture of bacteria and an acceptable measure of the dry weight of dental plaque (13) . The linear relationship (r = 0.99) between the amount of extractable FMN and the dry weight of a serial dilution of a suspension of A. viscosus is shown in Figure 4 . The culture was harvested during the stationary phase of growth; therefore, both live and dead cells were represented. Each sample was extracted independently, and each point represents the average of three FMN determinations. Dental plaque samples obtained from monkeys were similarly analyzed, and the results are shown in Figure 5 . The extracts from 19 pooled plaque samples of various weights were analyzed for FMN with bacterial luciferase and the dry weights of the samples independently determined. The Pearson coefficient for the relationship between these two factors is 0.89, showing that FMN may be used to measure small samples of dental plaque. The specific FMN content of dental plaque corresponded closely to that found for a variety of pure cultures of bacteria; samples as small as 30 sg (dry weight) could be estimated reliably; and the samples could be analyzed in suspending media, which precluded the use of fluorometric protein analyses (13) .
Discussion
Heretofore, AEC has been used to interpret cellular regulatory processes in both prokaryotic and eukaryotic cells. However, the possibility of using this function to quantitate cells is suggested by data from other workers who determined both viable cells and AEC during the growth cycle of a culture (15-i 7) . Oscillations in the numbers of viable cells during the death phase of the culture were coincident with a decrease in the AEC value. We chose to kill the cells in a reproducible manner to ensure that we could relate the numbers of viable cells recovered to the decrease in AEC. In all previous experience, thermal death of cells has been exponential, and we have used this assumption with no further test. Our data for the decline of AEC with heat treatment fit an exponential model closely, although the initial AEC value was lower than expected. This discrepancy is probably attributable to the presence of nonviable cells in the initial culture.
The use of AEC to estimate the number of viable cells is independent of the physiologic state of the organisms or their cytoplasmic volume. The specific ATP content of bacteria may differ substantially as bacteria pass from exponential growth to the stationary phase during energy limitation. The analogous situation for dental plaque would be a sample obtained after exposure to food. In contrast, AEC is more constant when a culture passes from the exponential to the stationary phase of growth during energy limitation (17, 18) . The ATP content of a cell is directly proportional to its cytoplasmic volume (19). Because bacteria are uniform in cytoplasmic volume, the specific ATP content of any given organism may be used as an approximation of that found in a mixture of bacteria, If mammalian cells are present, however,the amount of ATP contributed per cell will be much larger. Thore et al.
(20) estimated that one epithelial cell or leukocyte was about equal to 50 to 100 bacterial cells. In contrast, AEC is independent of cytoplasmic volume and each viable cell will contribute equally.
The use of bioluminescence methods offers the possibility for a more comprehensive analysis of the microbial content of dental plaque than was possible heretofore by conventional bacteriological methods. The data presented in this and in other recent papers show that we can analyze the smallest recoverable sample from sites on individual teeth for both viable and total cell mass. The sensitivity and speed of bioluminescence methods, combined with the data-processing capability cited in the appendix of this paper, greatly expand the possibilities for the analysis of large numbers of dental plaque samples for viable and total cell mass.
Part of the work in this paper was presented by C. W. Kemp (10) at the 57th Meeting of the International Association for Dental Researchin competition for theE. H. Hatton Award. His award-winning paper will be published in a special edition of the Journal of Dental Research. Some of the other data are being published by SpringerVerlag (13) or have been adapted from material already published (7)by Williamsand Wilkinsforthe American Society for Microbiology.
